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Background and Purpose: The cytokine activin C is mainly expressed in

small-diameter dorsal root ganglion (DRG) neurons and suppresses inflammatory

pain. However, the effects of activin C in neuropathic pain remain elusive.

Experimental Approach: Male rats and wild-type and TRPV1 knockout mice with

peripheral nerve injury - sciatic nerve axotomy and spinal nerve ligation in rats;

chronic constriction injury (CCI) in mice – provided models of chronic neuropathic

pain. Ipsilateral lumbar (L)4–5 DRGs were assayed for activin C expression. Chronic

neuropathic pain animals were treated with intrathecal or locally pre-administered

activin C or the vehicle. Nociceptive behaviours and pain-related markers in L4–5

DRGs and spinal cord were evaluated. TRPV1 channel modulation by activin C was

measured.

Key Results: Following peripheral nerve injury, expression of activin βC subunit

mRNA and activin C protein was markedly up-regulated in L4–5 DRGs of animals

with axotomy, SNL or CCI. [Correction added on 26 November 2020, after first

online publication: The preceding sentence has been corrected in this current version.]

Intrathecal activin C dose-dependently inhibited neuropathic pain in spinal nerve ligated

rats. Local pre-administration of activin C decreased neuropathic pain, macrophage infil-

tration into ipsilateral L4–5 DRGs and microglial reaction in L4–5 spinal cords of mice

with CCI. In rat DRG neurons, activin C enhanced capsaicin-induced TRPV1 currents.

Pre-treatment with activin C reduced capsaicin-evoked acute hyperalgesia and normal-

ized capsaicin-evoked persistent hypothermia in mice. Finally, the analgesic effect of

activin C was abolished inTRPV1 knockout mice with CCI.

Conclusion and Implications: Activin C inhibits neuropathic pain by modulating

TRPV1 channels, revealing potential analgesic applications in chronic neuropathic

pain therapy.

Abbreviations: BMP, bone morphogenetic protein; CCI, chronic constriction injury; DRG, dorsal root ganglion; ECS, extracellular solution; GDNF, glial cell line-derived neurotrophic factor; GFAP,

glial fibrillary acidic protein; IBA-1, ionized calcium-binding adapter molecule 1; L, lumbar; rh, recombinant human; SCs, spinal cords; SDH, spinal dorsal horn; SNL, spinal nerve ligation.
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1 | INTRODUCTION

Chronic neuropathic pain, which affects a significant proportion of the

general population and has substantial negative effects on patients, is

caused by somatosensory nervous system lesions or specific

disorders. Currently, mechanisms underlying neuropathic pain remain

unclear (Huang et al., 2019; Ji, 2018; Kuner, 2010; Sun et al., 2017),

and typically, patients with neuropathic pain are poorly served by

existing therapies. Thus, it is imperative to explore novel therapeutic

drugs or targets to improve therapeutic effectiveness (Obara,

Telezhkin, Alrashdi, & Chazot, 2020; Percie du Sert & Rice, 2014).

Accumulating evidence suggests that cytokine signalling plays a

critical role in chronic neuropathic pain processing, and targeting

these signalling pathways can reduce neuropathic pain in animal

models (Agarwal et al., 2018; Baral, Udit, & Chiu, 2019; de Vries &

MaassenVanDenBrink, 2019; Hung, Lim, & Doshi, 2017; Lees

et al., 2015). Among these, the TGF-β superfamily was identified as a

specific member, with ligands, signalling effectors, and modulators

may be potential targets for novel therapeutic agents in neuropathic

pain management (Dong & He, 2014; Lantero, Tramullas, Diaz, &

Hurle, 2012). Preclinical and clinical data have revealed that theTGF-β

family, the activin and inhibin family, the bone morphogenetic

protein (BMP) family, and the glial cell line-derived neurotrophic

factor (GDNF) family function as important pleiotropic modulators of

nociceptive processing under physiologically and pathologically

diverse painful conditions (Chen et al., 2013; Chen et al., 2016; Dong

& He, 2014; Gardell et al., 2003; Malin et al., 2006; Merighi, 2016;

Tramullas et al., 2010), suggesting that targeting specific members of

the superfamily and their signalling pathways may provide beneficial

effects on the mechanism and promising molecular targets for novel

therapies in chronic neuropathic pain (Lantero et al., 2012; Lees

et al., 2015; Merighi, 2016).

As a specific member of the activin and inhibin family, activin C is

considered to be distinct from activin A and other activins in its

subunit constitution, distribution pattern, and especially in its signal-

ling pathway and functions (Marino, Risbridger, & Gold, 2015; Reader,

Marino, Nicholson, Risbridger, & Gold, 2018). A previous study has

reported that activin C is expressed in small dorsal root ganglion

(DRG) neurons and is reportedly reduced in lumbar (L)4–5 DRGs in

rats with chronic inflammatory pain, playing an antinociceptive role in

inflammatory pain (Liu et al., 2012). However, the functions of activin

C in neuropathic pain remain to be fully defined.

Accordingly, we performed sciatic nerve axotomy in rats to

observe the expression of activin C mRNA and protein in L4–5 DRG

neurons with a custom microarray, real-time RT-PCR, western

blotting, and immunofluorescence. We also performed behavioural

tests in rodents to determine the therapeutic effects of activin C on

chronic neuropathic pain following intrathecal and peripheral

administration. We used whole-cell electrophysiological recordings,

capsaicin-induced pain-related behaviour tests, and TRPV1

channel knockout (KO) mice to investigate the mechanisms of activin

C-induced analgesia. Our study provides robust evidence for the

application of activin C in neuropathic pain therapy.

2 | METHODS

2.1 | Animals

All animal care and experimental procedures were carried out

according to the guidelines of the International Association for the

Study of Pain and approved by the Committee of Use of Laboratory

Animals, Nantong University. Animal studies are reported in compli-

ance with the ARRIVE guidelines (Percie du Sert et al., 2020) and with

the recommendations made by the British Journal of Pharmacology

(Lilley et al., 2020). To avoid the confounding effects of the oestrous

cycle on pain processing, only male animals were used in this study.

Adult male (200–250 g) Sprague–Dawley (SD) rats, young male

SD rats (90–110 g), and 8- to 12-week-old male C57/BL mice were

provided by SLAC Laboratory Animal Company (Shanghai, China).

What is already known

• Activin C is expressed in small-diameter DRG neurons

and functions to suppress inflammatory pain.

What this study adds

• Investigation of analgesic effects of activin C on neuro-

pathic pain in peripheral nerve injury rodents.

What is the clinical significance

• This study identifies activin C as a new potential thera-

peutic for alleviating chronic neuropathic pain.
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TRPV1 KOmice were purchased from Jackson Laboratory (Bar Harbor,

ME, USA) and were crossed with adult female C57BL/6J wild-type

(WT) mice.MaleTRPV1 KO andWTmice (8- to 12-week-old, housed in

separate cages) of the same background were used for behavioural

testing. Rats (two per cage) andmice (two to five per cage) were housed

under standard conditions (21–24�C, 60% humidity, 12:12-h light/dark

cycle), with free access to water and food.

2.2 | Sciatic nerve axotomy, autotomy score, and
DRG isolation

To perform the sciatic nerve axotomy, adult rats were deeply

anaesthetized with 3% pentobarbital sodium (80 mg�kg−1). The left

sciatic nerves were transected at the mid-thigh level, and nerves

(1.0 cm) were removed from axotomized rats.

On days 0.5, 1, 2, 7, 14, and 28 after surgery and on day 0 as an

intact control (n = 9 rats per time point), the experimental animals

were anaesthetized and perfused, via the left ventricle, with cold

0.1-M PBS (pH 7.4) and the L4–5 DRGs were rapidly isolated under

RNase free conditions.

For axotomy score, the levels of autotomy were scored daily for

each rat for 4 weeks, as modified from a previous report in a double-

blind manner (Xu et al., 2013). Briefly, 0.1 point was assigned to the

loss of 1 nail or 1 bleeding finger, and 1 point was assigned for each

distal half digit attacked. Then an additional point was added for each

proximal half digit attacked. Rats reaching 10 points were killed

humanely.

2.3 | Microarray and real-time RT-PCR

Microarray and quantitative RT-PCR were performed as described

previously (Liu et al., 2012). Experimental rats were deeply

anaesthetized with 3% pentobarbital sodium (80 mg�kg−1), and then

L4–5 DRGs were immediately dissected out. Total RNA was isolated

from the isolated DRGs using the Agilent total RNA isolation mini kit

and further used as a template for cDNA synthesis. Transcription was

performed in vitro using an Agilent low RNA input fluorescent linear

amplification kit in the presence of Cy3- and Cy5-CTP. Synthesized

fluorescence-labelled cRNAs were used for the microarray. The

hybridization solution was prepared according to the instructions of

an Agilent hybridization kit plus, and hybridization was performed

using the custom microarray at 60�C for 18 h with a dye-swap replica-

tion protocol. A microarray scanner system (Agilent Technologies,

Inc.) was used for scanning and data analysis. After feature extraction

with the Feature Extraction software, log2 ratios were calculated.

Compared with the expression on day 0, genes whose expression

exhibited a log2 ratio ≥1 (≥2-fold increase) were considered to be

up-regulated, and those with log2 ratio ≤ −1 (≥2-fold decrease) were

considered to be down-regulated. Following filtration and the normali-

zation of each qualified gene, microarray data were visualized using

Cluster 3.0 and TreeView software (Eisen Lab, Stanford, CA, USA).

Quantitative RT-PCR was performed on an ABI 7700 system

(Applied Biosystems, Foster City, CA, USA). The SYBR PrimeScript

RT-PCR Kit was used following the manufacturer's instructions. The

expression of activin C (Inhbc) gene (NM_022614, forward

primer 50-TTTTGTGGCAGCCCAGGTAA-30 and reverse primer

50-AGCCAATCTC ACGGAAGTCCA-30) and the control gene GAPDH

(forward primer 50-ATCACCATCTTCCAGGAGCGA-30 and reverse

primer 50-AGCCTTCTCCATGGTGGTGAA-30) were analysed. Activin

C gene expression was normalized according to the expression level

of GAPDH from the same sample. Changes in the expression of the

activin C gene are presented as fold changes when compared with the

day 0 control.

2.4 | Western blotting

Immunoblotting was performed according to a previous protocol (Liu

et al., 2012). The antibody-based procedures used here comply with

the recommendations made by the British Journal of Pharmacology.

Experimental rats were deeply anaesthetized with 3% pentobarbital

sodium (80 mg�kg−1), and then L4–5 DRGs were isolated. DRG neu-

rons were collected and lysed in RIPA buffer containing protease

inhibitor cocktails (Sigma-Aldrich). Then the protein samples were

loaded on denatured sodium dodecyl sulfate gels for electrophoresis

and subsequently transferred to nitrocellulose membranes and incu-

bated with antibodies against activin C (1:5,000; AbD Serotec,

Kidlington, Oxford, UK) or GAPDH (1:10,000; Abcam, Cambridge,

MA, USA) as an internal control overnight at 4�C. The target bands

were detected by HRP-conjugated secondary antibodies and visual-

ized with an ECL system. The bands of interest from films were quan-

tified using Image-Pro Plus 6.0 (La Jolla, CA, USA). Then the intensity

of the activin C-immunostaining band was normalized to the GAPDH

intensity of the same sample.

2.5 | Immunohistochemistry staining

Immunofluorescence was performed as described in previous reports

(Lin, Yu, Liu, et al., 2016; Lin, Yu, Wang, et al., 2016; Lin et al., 2017;

Liu et al., 2016). Deeply anaesthetized rats (3% pentobarbital sodium,

80 mg�kg−1) were perfused with 4% paraformaldehyde and 0.02%

picric acid in PBS. L4–5 DRGs and spinal cords (SCs) were isolated

and fixed in 4% paraformaldehyde for 1.5 h and overnight, respec-

tively. DRG sections (14 μm for rat and 7 μm for mouse) and 14-μm

SC sections were prepared using a cryostat. For activin C staining,

antigen retrieval was performed with Frozen Section Chemical Anti-

gen Retrieval Reagent, and sections were then permeabilized and

blocked. For other immunostaining experiments, the antigen retrieval

procedure was not necessary. The sections were incubated overnight

at 4�C with a goat primary antibody against βC subunit (1:100; Santa

Cruz Biotechnology, Santa Cruz, CA, USA), combined with a rabbit

antibody against CGRP (1:2,000; AbD Serotec) and a guinea pig anti-

body against NeuN (1:2,000; Millipore, Billerica, MA, USA), or with
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goat anti-IBA-1 (ionized calcium-binding adapter molecule 1; 1:300;

Abcam) combined with mouse anti-GFAP (glial fibrillary acidic

protein; 1:300; Cell Signaling Technology, Danvers, MA, USA). Next,

the sections were incubated with secondary antibodies. Tile scanning

of the fluorescence images was performed with an LSM 800 laser-

scanning confocal imaging system (Carl Zeiss, AG, Jena, Germany),

and Image-Pro Plus 6.0 was used to analyse the fluorescence signals.

For quantification of the immunostaining results, at least three

sections were selected from each animal, and three to six animals

from each group were blindly analysed. To determine the percentage

of labelled neurons in DRGs, the number of positive neurons (3 times

of the background signal) was divided by the total number of

neurons. For IBA-1 and GFAP immunostaining, the number of

positive cells was counted, and/or the density of labelled cells (per

square mm) was determined.

2.6 | Spinal nerve ligation model

Spinal nerve ligation (SNL) was performed as described previously

(Jiang et al., 2016; Lu et al., 2014). After the experimental rats were

anaesthetized using 3% pentobarbital sodium (50 mg�kg−1), the L5–6

spinal nerves were ligated and cut, with the L4 spinal nerves left

intact. On day 7 after SNL, the paw withdrawal threshold was

determined using von Frey filaments. To assess its modulatory role in

SNL rats, activin C was dissolved in 20 μl of PBS containing 0.2% BSA

and then intrathecally injected in the experimental rats. The paw

withdrawal threshold was measured at indicated time points.

2.7 | Chronic constriction injury model

Chronic constriction injury (CCI) was performed on adult mice as

previously described (Liu et al., 2016; Xu et al., 2013). Under 1%

pentobarbital sodium anaesthesia (65 mg�kg−1), the mouse sciatic

nerve was exposed, and three ligatures (6-0 Prolene) were applied

around the nerve proximal to the trifurcation. The ligatures were

loosely tied, and the distance between each ligature was 1 mm. The

sham group underwent the same surgery without nerve ligation.

2.8 | Intrathecal injection

To investigate the antinociceptive effects of spinally applied activin C,

the study compound was intrathecally administered as previously

described (Joksimovic et al., 2020; Liu et al., 2012). After briefly

anaesthetizing animals with isoflurane (2.5%), the dorsal surface of

each animal was shaved to expose the injection site. The site for the

subarachnoid puncture was determined by palpation at the iliac bone

tuberosities, the spinous process of the last lumbar vertebra, and

below the lumbosacral space. The L5–6 intervertebral spaces were

identified by sliding the index finger along the midline in the rostral

direction. A sterile 30-G needle approached the midline of the

intervertebral space, with the bevel of the needle facing rostrally.

When the needle tip reached the intervertebral space 2–3 mm

in-depth, the precise subarachnoid positioning of the needle tip was

verified by brisk tail-flicking. Then the reagent (20 μl) was injected into

the subarachnoid space at the cauda equina region. The needle was

left in the place for 5 s before withdrawing to avoid the reflux of the

injected drug.

2.9 | Von Frey and Hargreaves tests

Both tests were carried out as described in previous reports (Liu

et al., 2016; Xu et al., 2013). For mechanical pain measurement, the

paw withdrawal threshold to von Frey filament stimulation was deter-

mined in rats and mice. Animals were placed in a box on an elevated

metal mesh floor to habituate for 30 min, and their hind paws were

stimulated with a series of von Frey hairs with logarithmically increas-

ing stiffness (0.16, 0.40, 0.60, 1.00, and 2.00 g for mice; 2.00, 4.00,

800, 15.00, 26.00, and 60.00 g for rats; Ugo Basile, Gemonio, Varese,

Italy). The hairs were applied perpendicular to the plantar surface of

the paw, and the 50% paw withdrawal threshold was determined

using Dixon's up-down method. After 30 min of acclimation, the paw

withdrawal latency to radiant heat for thermal pain measurement was

determined as the average of three or four measurements per paw

over a 5-min period of testing with Hargreaves radiant heat apparatus

(IITC, Woodland Hills, CA, USA). To prevent tissue injury, the light

beam was automatically cut off at 20 s. To assess its modulatory role

in CCI mice, activin C was dissolved in PBS containing 0.2% BSA and

then locally pre-applied to the ligated sciatic nerves of CCI mice

immediately after sciatic nerve ligation.

2.10 | Electrophysiology

Electrophysiological recordings were performed as described previ-

ously (Ma, Zhang, Dong, Bao, & Zhang, 2015; Yang et al., 2017).

Young rats (90–110 g) were deeply anaesthetized with 3% pentobar-

bital sodium (80 mg�kg−1), and then L4–5 DRGs were quickly excised.

The DRGs were digested with trypsin type I and collagenase type 1A

and then mechanically dissociated with Pasteur pipettes. The dissoci-

ated cells were placed on glass coverslips, and a patch-clamp record-

ing was performed within 2 h to examine neuronal excitability.

Neurons were considered TRPV1-positive if an inward current was

observed after the application of capsaicin (1.0 μM). To explore the

effect of activin C on capsaicin-induced TRPV1 channel currents, we

exposed neurons to capsaicin after incubation with activin C

(100 ng�ml−1) or the vehicle. All data were collected with an EPC-9

patch-clamp amplifier. The MATLAB program was used to analyse

action potential parameters. For assessing the desensitization of

TRPV1 channels, the second or third capsaicin-induced current was

normalized to the first capsaicin-induced current, as different neurons

exhibit different amplitudes of TRPV1 channel currents after exposure

to capsaicin.
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2.11 | Haematoxylin and eosin staining

Deeply anaesthetized mice (2% pentobarbital sodium, 100 mg�kg−1)
were perfused with 4% paraformaldehyde and 0.02% picric acid in

PBS. The sciatic nerves were removed, fixed in 4% paraformaldehyde

overnight at 4�C, dehydrated, and then embedded in paraffin. Next,

tissues were cut at a 5-μm thickness, fixed on glass slides, and baked

to dryness. According to the instructions (H&E Staining Kit, Beijing

Solarbio Science & Technology Co., Ltd, Beijing, China), the sections

were soaked in xylene and gradient concentrations of ethanol and

then stained using haematoxylin and eosin. The slides were rinsed,

dehydrated, cleared, and then mounted with resin. Images were

acquired using an optical microscope (Olympus DP22; Olympus,

Tokyo, Japan).

2.12 | Intraplantar injection of capsaicin in mice

This test was performed as previously described (Nersesyan

et al., 2017). Mice were handled and habituated and then intrader-

mally injected with carrier-free rh-activin C (20 ng in 20 μl of PBS) or

PBS (20 μl) as a vehicle control into hind paws, with a 26-G needle.

After 15 min, the mice received an intraplantar injection of capsaicin

(1.6 μg per paw in 20 μl of PBS containing 5% ethanol and 5% Tween

80) at the same site and were immediately returned to their chambers

for video recording for 5 min. Finally, pain-related behaviour observed

in the videos was quantified in a blind manner by counting the pain

response time.

2.13 | Paw oedema measurement

For assessing mouse paw oedema, the average of three paw thickness

measurements was recorded using a microcaliper after intraplantar

capsaicin injection, at the indicated time points in a blind manner.

2.14 | Hot and cold plate tests

Both tests were performed with a hot/cold plate (Ugo Basile). Briefly,

mice were individually placed on the plate for at least 20 min�day−1,
on 3 subsequent days for habituation before the behavioural tests.

Then the cold plate test was performed at 4�C with a cut-off of 120 s,

and the hot plate test was performed at 52�C with a cut-off of 60 s.

The paw withdrawal latency was calculated as the mean value of

three measurements with intervals of at least 5 min.

2.15 | Data and statistical analyses

The data and statistical analysis comply with the recommendations of

the British Journal of Pharmacology on experimental design and analy-

sis in pharmacology (Curtis et al., 2018). All data were collected with

Microsoft Excel and further analysed using GraphPad Prism 6.0

(La Jolla, CA, USA). Statistical analysis was undertaken only for studies

where each group size was n ≥ 5. The declared animal or sample sizes

were the number of independent values, and statistical analyses were

performed using these independent values. For all axotomy experi-

ments, rats were randomly used. However, for behavioural pain

experiments, to control unwanted variations in the pain threshold

before and after modelling and ensure the comparability of pain

thresholds at multiple time points before and after drug treatment,

litter-matched and age-matched animals were assigned to experimen-

tal groups to generate biological replicates based on their baselines

and pre-administration values (pain threshold), and behavioural tests

and data analyses were performed in a blinded manner. All behav-

ioural experiments were performed in a quiet room and evaluated by

blinded investigators. For all experiments, no outliers were excluded.

To control the unwanted variations of sources and backgrounds, nor-

malization of the data was conducted and is expressed as fold of con-

trol. All western blotting and immunohistochemical procedures and

analysis comply with the recommendations detailed in the BJP edito-

rial (Alexander et al., 2018). All data sets were tested for normality

and equal variance and then were analysed using the Student's

unpaired t-test (for two groups), one-way repeated-measures ANOVA

(for multiple groups), or two-way repeated-measures ANOVA

followed by post hoc Bonferroni multiple comparisons test (for time

course comparison) using GraphPad Prism 6.0. All data are expressed

as the mean ± SEM and were considered statistically significant at a

P-value of <0.05.

2.16 | Materials

Recombinant human (rh)-activin C was purchased from R&D Systems

(Minneapolis, MN, USA). Total RNA isolation mini kit was purchased

from Agilent Technologies Inc. (Santa Clara, CA, USA). The SYBR

PrimeScript RT-PCR Kit was provided by Takara Biotechnology Co.,

Ltd. (Dalian, LN, China). Paraformaldehyde, picric acid, trypsin type I,

collagenase type 1A, DNase I, pentobarbital sodium, BSA, protease

inhibitor cocktails, and capsaicin were purchased from Sigma-Aldrich

(St. Louis, MO, USA). Enhanced ECL system was purchased from

Roche Diagnostics GmbH (Roche Diagnostics, Mannheim, Germany).

DMEM was provided by Gibco-Invitrogen (Carlsbad, CA, USA). Frozen

Section Chemical Antigen Retrieval Reagent was provided by GenMed

Scientifics (Wilmington, DE, USA). RIPA buffer and protease inhibitor

cocktail were provided by Thermo Fisher Scientific Inc. (Rockford, IL,

USA).

2.17 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in http://www.guidetopharmacology.org, and

are permanently archived in the Concise Guide to PHARMACOLOGY

2019/20 (Alexander et al., 2019).
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3 | RESULTS

3.1 | Up-regulation of activin C in lumbar DRGs of
peripheral nerve-injured rats

To determine the dose of activin C to be intrathecally injected in

adult rats, we first investigated the expression of this cytokine in the

lumbar DRGs of rats with chronic neuropathic pain. We performed

sciatic nerve axotomy in rats, a simple and feasible model of periph-

eral nerve injury. Employing a custom microarray (Liu et al., 2012),

we observed a robust up-regulation of activin βC mRNA in the L4–5

DRGs of rats after axotomy, when compared with L4–5 DRGs of

control rats on day 0 (Figure 1a). We further confirmed the change in

activin βC mRNA expression by real-time RT-PCR and observed that

the expression of activin βC mRNA tended to increase after axotomy

(Figure 1b). Then we performed western blotting to observe the

expression of activin C protein and found that the expression of

activin C (a 25-kDa band indicating two βC subunits) increased after

axotomy (Figure 1c,d), suggesting that there were similar increasing

trends in the expression of activin C protein (βCβC) and activin βC

subunit mRNA.

Next, we performed immunofluorescence to determine the cellular

localization of activin C and observed that activin C was mainly

expressed in small-diameter neurons (Figure 2a), consistent with a pre-

vious report (Liu et al., 2012). As expected, quantification analysis

showed that the percentage of activin C-positive neurons was robustly

increased (3,882 of 8,607 total neurons from nine rats) in L4–5 DRGs

of axotomized rats on day 14, compared with sham control rats (1,691

of 5,634 total neurons from nine rats), consistent with the microarray,

real-time RT-PCR and western blot data (Figure 1). However, in the

peptidergic subset, CGRP-positive neurons were significantly

decreased on day 14 after axotomy (2,209 of 8,607 total neurons from

nine rats), compared with sham control rats (2,461 of 5,634 total neu-

rons from nine rats; Figure 2a,b), which is consistent with the nerve

injury condition. Accordingly, all axotomized rats developed different

degrees of autotomy, a pain-related behaviour accompanied with

axotomy, within 4 weeks (n = 9 rats), whereas the sham rats did not

exhibit any autotomy (n = 7 rats; Figure 2c). In the CCI mouse model,

activin C-positive neurons also increased, while CGRP-positive neurons

decreased, in L4–5 DRGs of CCI mice on day 7 by immunofluorescence

(Figure 2e). Hence, we concluded that activin C was markedly up-

regulated in L4–5 DRGs, following peripheral nerve injury.

F IGURE 1 Up-regulation of activin βC subunit mRNA and activin C protein expression in the lumbar (L)4–5 dorsal root ganglia (DRGs) of rats
following sciatic nerve axotomy. (a) Custom microarray result.n = 6 separate experiments. (b) Real-time RT-PCR analysis.n = 6 separate
experiments. (c) Immunoblotting at 25 kDa demonstrates activin C consisting of βCβC subunits, as shown by western blotting. (d) Quantitative
analysis of eight independent western blotting experiments showing the up-regulation of activin C protein in the L4–5 DRGs of axotomized rats.
DRG fromn = 9–12 rats per time point. Data are presented as mean ± SEM. *P < 0.05, significantly different from day 0 (naïve) control rats;
one-way repeated-measures ANOVA followed by post hoc Bonferroni multiple comparisons test

HUANG ET AL. 5647



3.2 | Intrathecal or peripheral administration of
activin C suppresses chronic neuropathic pain

In a previous study, activin C was reportedly decreased in L4–5 DRGs

and dose-dependently (50, 100, and 200 ng) inhibited chronic inflam-

matory pain, induced by complete Freund’s adjuvant in rats (Liu

et al., 2012). Based on the up-regulation of activin C expression after

nerve injury (Figure 1), we first employed a high dose of 200 ng of

activin C to investigate its effects in chronic neuropathic pain in a rat

SNL model. After mechanical pain thresholds were significantly

decreased on day 7 after SNL (Figure 3a left), the rats received a

single intrathecal administration of 200 ng of rh-activin C or vehicle

(20 μl). Unexpectedly, a single treatment with 200 ng of rh-activin C

almost restored the mechanical hyperalgesia to baseline levels in SNL

rats when applied for 2 h (Figure 3a right). We then used decreasing

doses of 200, 100, and 50 ng and the same model to further investi-

gate the dose-dependent analgesic effects of activin C. Intrathecal

administration of 50, 100, or 200 ng of rh-activin C dose-dependently

F IGURE 2 Up-regulation of activin C protein
expression in the lumbar (L)4–5 dorsal root ganglia
(DRGs) of peripheral nerve injury rodents
observed by double-immunofluorescence staining.
(a) Activin C protein-positive small-diameter
neurons and co-expression of activin C with CGRP
in the L4–5 DRG of sham control rats increase
activin C protein-positive small-diameter neurons
and decrease co-expression of activin C with

CGRP in the L4–5 DRG of axotomized rats on day
14 after axotomy. (b) Quantitative analysis of the
immunofluorescence results showing the
percentage of activin C-positive neurons and
CGRP-positive neurons in the L4–5 DRGs of naïve
and axotomized rats on day 14 after axotomy.
(c) The degree of autotomy (self-mutilation) in
axotomized and sham rats within 4 weeks.
(d) Double-immunofluorescence staining indicates
an increase in activin C-positive small- and
medium-diameter neurons and a decrease in the
co-expression of activin C with CGRP in the L4–5
DRGs of CCI mice on day 7 after CCI. Arrows
indicate the small-diameter neurons (≤30 μm in
diameter); arrowheads indicate the medium-
diameter neurons (30–45 μm). Data are presented
as mean ± SEM. *P < 0.05, significantly different
from sham animals; one-way repeated-measures
ANOVA followed by post hoc Bonferroni multiple
comparisons test
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ameliorated chronic neuropathic pain, with a peak effect at 2 h post-

injection (Figure 3b right).

The TGF-β superfamily is one of the most evolutionarily con-

served signal transduction pathways within Drosophila, C. elegans,

and vertebrates, especially within mammals sharing highly con-

served components of the superfamily (Akhurst & Padgett, 2015).

Considering the evolutionary conservation of the TGF-β superfamily

and highly reduced dose of activin C in mice, we further investi-

gated the peripheral effects of activin C on CCI-induced chronic

neuropathic pain in mice, locally pretreated with 250 ng of rh-

activin C. Compared with vehicle treatment, the immediate local

pre-exposure of the ligated sciatic nerves to rh-activin C (in 200 μl

of PBS) after sciatic nerve ligation not only attenuated thermal

hyperalgesia (Figure 3c) but also inhibited mechanical hyperalgesia

induced by CCI (Figure 3d). Notably, as shown in Figure 3c, local

pretreatment with activin C postponed the onset of thermal pain

from day 3 to day 7, suggesting that pre-administration of activin

C impaired the development and the maintenance of thermal

hyperalgesia induced by peripheral nerve injury. To further assess

the effect of activin C on established pain evoked by CCI, another

group of CCI mice was investigated. After mechanical pain thresh-

olds significantly decreased by day 7 of CCI (Figure 3e left), mice

were intrathecally administered a single dose of 15 ng of rh-activin

C or vehicle (5 μl). Mice treated with activin C exhibited signifi-

cantly reduced mechanical hyperalgesia when compared with

vehicle-treated mice (Figure 3e right).

F IGURE 3 Antinociceptive effects of
activin C in spinal nerve ligation (SNL) rats
and chronic constriction injury (CCI) mice.
(a) Mechanical pain sensitivity develops
on day 7 after SNL (left), and a single
intrathecal injection of recombinant
human (rh)-activin C (200 ng in 20 μl of
PBS) increases the paw withdrawal
threshold in rats that underwent SNL

(right). (b) In SNL rats, mechanical pain
sensitivity develops on day 7 after SNL
(left), and a single intrathecal injection of
50,100, or 200 ng of rh-activin C dose-
dependently increases the paw
withdrawal threshold (right). (c, d) The
long-term antinociceptive effect of local
preincubation with 250 ng of activin C
(in 200 μl of PBS) on thermal pain (c) and
mechanic pain (d) in CCI mice.
(e) Mechanical pain sensitivity develops
on day 7 after CCI (left), and a single
intrathecal injection of rh-activin C (15 ng
in 5 μl of PBS) increases the paw
withdrawal threshold in CCI mice (right).
BS, baseline; PWL, paw withdrawal
latency; PWT, paw withdrawal threshold.
Data are presented as mean ± SEM.
*P < 0.05, significantly different from
baseline or vehicle control; two-way
repeated-measures ANOVA followed by
post hoc Bonferroni multiple
comparisons test
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3.3 | Pre-administration of activin C alleviates CCI-
evoked inflammatory responses in the nervous system
but not at local injury sites

Inflammatory cell (macrophage) infiltration into DRGs and activation

of glial cells (microglia and astrocytes) in the SC have been implicated

in the genesis of neuropathic pain (Calvo, Dawes, & Bennett, 2012;

Liu et al., 2016; Xu et al., 2013). We employed immunofluorescence to

examine cellular changes in inflammatory responses in the L4–5 DRGs

and spinal dorsal horns (SDHs) on day 7 following CCI. As shown in

Figures 4 and 5, sciatic nerve injury induced by CCI elicited significant

macrophage infiltration into the ipsilateral DRGs and a robust micro-

glial reaction in the ipsilateral SDHs (both indicated by increased

IBA-1 immunoreactivity), and both these effects were blocked by local

pretreatment with activin C, but not with the vehicle (11–24 sections

from six mice; Figures 4a,b and 5a,b). Satellite cell reactions in DRGs

and astrocyte reactions in SDHs (both indicated by increased GFAP

immunoreactivity) were not significantly increased on the ipsilateral

side when compared with the contralateral side at day 7 after CCI

(11–24 sections from six mice; Figures 4a,c and 5a,c). However, the

F IGURE 4 Triple
immunofluorescence labelling for
IBA-1, GFAP, and CGRP in the
lumbar 4–5 dorsal root ganglia
(DRGs) of chronic constriction
injury (CCI) mice pretreated with
activin C (250 ng in 200 μl of PBS)
or PBS (200 μl) on day 7 after
CCI. (a) Immunofluorescence
images. CGRP
immunofluorescence was set to
blue in the merged images. (b–d)
Quantitative analysis of the
number of IBA-1-positive
macrophages (b), the number of
GFAP-positive satellite cells (c),
and the percentage of CGRP-
positive neurons (d) by
immunofluorescence.n = 6 mice;
n.s., no significance; Cont.,
contralateral; Ipsi., ipsilateral;
IBA-1, ionized calcium-binding
adaptor molecule 1 (Iba1); GFAP,
glial fibrillary acidic protein
(GFAP). Data are presented as
mean ± SEM. *P < 0.05,
significantly different as
indicated; one-way repeated-
measures ANOVA followed by
post hoc Bonferroni multiple
comparisons test
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number of satellite cells exhibited an increasing trend in the DRGs of

CCI mice. Furthermore, local pretreatment with activin C did not

exhibit an obvious effect on satellite cells and astrocytes (11–24

sections from six mice; Figures 4c and 5c). In contrast, we aimed to

determine local inflammatory responses in ligated sciatic nerves after

local pretreatment with activin C by measuring tissue swelling and

inflammatory cell infiltration. Local pre-administration of activin C did

not affect local nerve oedema (Figure 6a,b) or inflammatory cell

infiltration (Figure 6c) induced by CCI in local ligated sciatic nerves.

3.4 | Peripheral pre-treatment with activin C
normalizes CGRP expression in DRGs and SDHs in CCI
mice

Largely produced by peptidergic neurons in DRGs and transported to

central and peripheral nerves, CGRP is an important peptide for the

modulation of pain perception (de Vries & MaassenVanDenBrink, 2019;

Nees et al., 2016), although its function in neuropathic pain remains

controversial (Iyengar, Ossipov, & Johnson, 2017). In the present study,

CGRP expression exhibited a decreasing trend in the injured DRGs and

SDHs (11–24 sections from six mice; Figures 4a,d and 5a,d). Interest-

ingly, local pretreatment with activin C reversed CGRP down-regulation

in the ipsilateral DRGs (Figure 4a,d) and SDHs (Figure 5a,d) on day

7 after CCI, suggesting that the pretreatment with activin C normalized

CGRP expression in DRGs and SDHs and the normalization of CGRP

expression might benefit the analgesic effects of activin C.

3.5 | Activin C enhances capsaicin-induced
currents in lumbar DRG neurons of rats

To further explore the possible mechanisms of antinociceptive

functions of activin C underlying chronic neuropathic pain, we acutely

dissociated single L4–5 DRG neurons from naïve young rats and per-

formed whole-cell electrophysiological recordings on small-diameter

F IGURE 5 Triple
immunofluorescence labelling for
IBA-1, GFAP, and CGRP in the
lumbar 4–5 spinal dorsal horns
(SDHs) of chronic constriction
injury (CCI) mice pre-administered
activin C (250 ng in 200 μl of PBS)
or PBS (200 μl) on day 7 after
CCI. (a) Immunofluorescence

images. (b–d) Quantitative
analysis for the number of IBA-
1-positive microglia (b), the
density of GFAP
immunoreactivity (c), and the
density ratio of CGRP
immunoreactivity (d).n = 6 mice;
Cont., contralateral; Ipsi.,
ipsilateral; IBA-1, ionized
calcium-binding adaptor molecule
1 (Iba1); GFAP, glial fibrillary
acidic protein (GFAP). Data are
presented as mean ± SEM.
*P < 0.05, significantly different
as indicated; one-way repeated-
measures ANOVA followed by
post hoc Bonferroni multiple
comparisons test for (b) and
(c) and unpaired two-tailedt-test
with Welch's correction for (d)
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neurons. We observed that activin C (100 ng�ml−1) failed to evoke any

current by itself (data not shown). However, preincubation of

capsaicin-responsive small-diameter neurons with activin C

(100 ng�ml−1) for 5 or 10 min significantly enhanced the amplitudes of

capsaicin-induced TRPV1 currents (7–11 neurons from six to seven

mice; Figure 7b,c) when compared with those observed after pre-

incubation with the extracellular solution (ECS) that induced a

desensitization phenotype in second and third TRPV1 currents evoked

by capsaicin (7–11 neurons from six to seven mice; Figure 7a,c). We

suggested that activin C may regulateTRPV1 channel current by accel-

eratingTRPV1 channel desensitization to relieve neuropathic pain.

3.6 | Activin C reduces capsaicin-evoked acute
hyperalgesia and normalizes lasting hypothermia in
mice

Based on the above electrophysiological data, we postulated that

activin C modulates the function of TRPV1 channels to attenuate

F IGURE 6 Peripheral pretreatment with activin C does not affect
chronic constriction injury (CCI)-evoked inflammatory responses in
local ligated sciatic nerves. (a) Images of ligated sciatic nerves on day
28 after CCI excised from CCI mice pre-administered activin C
(250 ng in 200 μl of PBS) or vehicle (200 μl of PBS). (b) Quantitative
analysis of local oedema in the exercised ligated sciatic nerves shown
in (a) was performed by measuring the sciatic nerve diameter from
pictures using the Image-Pro Plus 6.0 software. SN, sciatic nerve;
Veh., vehicle; Cont., contralateral; Act., activin C; Ipsi., ipsilateral.
(c) Haematoxylin and eosin staining shows no difference in the
inflammatory cell infiltration in local ligated nerves between
pretreated with activin C and those pretreated with vehicle on day
7 after CCI. Data are presented as mean ± SEM. n.s., non-significant;
one-way repeated-measures ANOVA followed by post hoc
Bonferroni multiple comparisons test

F IGURE 7 Activin C enhances capsaicin-induced TRPV1 channel
currents in rat dorsal root ganglia (DRG) neurons. (a) A whole-cell
recording showing the desensitization of TRPV1 currents by three
successive exposures to capsaicin (1.0 μM). (b) A whole-cell recording
showing that preincubation with activin C (100 ng�ml−1) enhances the
TRPV1 currents provoked by successive capsaicin incubations.
(c) Quantitative analysis of (a) and (b).n = 6 mice for the vehicle or 7
mice for activin C; Cap, capsaicin; ECS, extracellular solution. Data are
presented as mean ± SEM, *P < 0.05, significantly different from
vehicle; one-way repeated-measures ANOVA followed by post hoc
Bonferroni multiple comparisons test
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chronic neuropathic pain (Nersesyan et al., 2017). To further test this

hypothesis, we performed behavioural experiments measuring

capsaicin-induced pain-related behaviour to quantify acute

nocifensive and long-lasting temperature insensitivity in mice after

the local intraplantar injection of vehicle/activin C and capsaicin. Local

intraplantar application of activin C (20 ng in 20 μl of PBS per paw)

alone did not provoke any noticeable aversive responses in mice (data

not shown), consistent with a previous finding observed in rats (Liu

et al., 2012). However, compared with pre-injection of the vehicle,

pretreatment with activin C (20 ng) significantly inhibited acute

nocifensive behaviour evoked by the capsaicin injection (Figure 8a).

Then we evaluated local tissue swelling by measuring the paw diame-

ter. Notably, pretreatment with activin C did not affect paw oedema

induced by the capsaicin injection (Figure 8b), suggesting that activin

C does not affect local neurogenic inflammation. Next, we further

observed the long-lasting temperature insensitivity behaviours using

hot and cold plate tests and found that activin C normalized persistent

hypoalgesia to heat and cold stimuli induced by a single intraplantar

injection of capsaicin (Figure 8c,d).

3.7 | TRPV1 channels are essential for analgesic
effects of activin C in chronic neuropathic pain

To further validate the hypothesis that TRPV1 channels are an analge-

sic target of activin C in vivo, we investigated the antinociceptive

function of activin C in CCI-induced chronic neuropathic pain in WT

mice and TRPV1 KO mice. Activin C or the vehicle was pre-applied as

described earlier in the CCI model, and then the mechanical

hyperalgesia in these mice was monitored in response to mechanical

stimuli during the next 4 weeks. As shown in Figure 8e, CCI mice

(including WT and TRPV1 KO) exhibited significant mechanical

hyperalgesia when compared with sham control mice. Although

TRPV1 KO mice exhibited higher mechanical pain thresholds, local

F IGURE 8 Further confirmation of
TRPV1 channel modulation by activin C
using behavioural tests in mice. (a) Activin
C (20 ng in 20 μl of PBS, pre-intraplantar
injection) ameliorates acute nocifensive

behaviour induced by intraplantar
injection of capsaicin. (b) Paw oedema
evoked by capsaicin injection. (c, d)
Activin C (20 ng in 20 μl of PBS, pre-
intraplantar injection) normalized long-
lasting heat hypothermia (52�C) on day
7 (c) and cold hypothermia (4�C) on day
3 (d) after capsaicin injection. (e) The
analgesic effects of activin C (250 ng in
200 μl of PBS, preincubation) on
neuropathic pain induced by chronic
constriction injury are abolished inTRPV1
KO mice. Pre, pre-administration. Data are
presented as mean ± SEM. ns, no
significant difference; *P < 0.05,
significantly different from vehicle for (a),
significantly different as indicated for (c),
(d) and (e ); unpaired two-tailedt-test for
(a), one-way repeated-measures ANOVA
followed by post hoc Bonferroni multiple
comparisons test for (c) and (d), and two-
way repeated-measures ANOVA followed
by post hoc Bonferroni multiple
comparisons test for (e)
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pretreatment with activin C (250 ng in 200 μl of PBS) did not signifi-

cantly alter mechanical hyperalgesia in TRPV1 KO CCI mice, when

compared with the vehicle control and WT CCI mice (Figure 8e).

4 | DISCUSSION

In this study, we demonstrated that activin C exerts analgesic effects

in chronic neuropathic pain following both intrathecal and peripheral

administration, which represent common routes of analgesic applica-

tions in clinical practice. We employed multiple approaches and three

neuropathic pain models to determine the effects of activin C on neu-

ropathic pain. Our study supports a relationship between the antino-

ciception mediated via activin C and modulation of TRPV1 channel

activity, suggesting that activin C may be a potential candidate for

neuropathic pain therapy. However, our conclusion is based on animal

experiments performed with solely in males, and these findings may

not apply to females.

As neuropathic pain has multiple aetiologies, we used axotomy,

SNL, and CCI models to assess the effects of activin C on neuropathic

pain. The axotomy model is reliable and easily reproducible and clini-

cally simulates phantom limb pain. Furthermore, more DRGs can be

acquired for screening genes. The SNL model is suitable for studying

injured and uninjured nerve fibres in the sciatic nerve and mimics the

symptoms of human patients suffering from causalgia, developed after

peripheral nerve injury and sympathetic nerve-mediated pain. The CCI

model involves both neuropathic and inflammatory components and

mimics causalgia, post-traumatic peripheral painful neuropathy,

entrapment neuropathy, and complex regional pain syndrome in

patients. Furthermore, following peripheral nerve injury, immune cells

of DRGs and SCs release cytokines to sensitize/desensitize nocicep-

tive neurons and further modulate pain processing (de Miguel,

Kraychete, & Meyer Nascimento, 2014; Ebersberger, 2018; Lees

et al., 2015). Importantly, some primary sensory neurons were found

to also secrete cytokines that directly regulate nociceptive processing

(Chen et al., 2013; Liu et al., 2012; Nersesyan et al., 2017; Thakur

et al., 2017). Moreover, robust evidence suggests that targeting the

TGF-β superfamily signalling has beneficial effects in chronic neuro-

pathic pain (Dong & He, 2014; Ebersberger, 2018; Lantero

et al., 2012; Tramullas et al., 2010). Thus, we hypothesized that addi-

tional components of theTGF-β superfamily might be involved in pain

processing and act as potential targets for neuropathic pain treatment.

In this study, we used a custom microarray to screen significant

changes in mRNA levels of TGF-β superfamily members in L4–5 DRGs

of axotomized rats, compared with naïve control rats. We found that

activin βC gene expression was up-regulated in axotomized DRGs.

Next, we further confirmed the transcriptional increase in the activin

βC subunit by real-time RT-PCR, as well as the increased expression

of activin C protein by western blotting and immunofluorescence.

Furthermore, increased expression of activin C was confirmed in the

CCI mouse model. These data indicate that activin C is up-regulated

at both the mRNA and protein levels in lumbar DRGs after peripheral

nerve injury. Consistently, the up-regulation of activin C was

correlated with the degree of autotomy, a pain-related self-mutilation

behaviour, in axotomized rats and with mechanical and thermal

hyperalgesia in CCI mice, strongly suggesting a role for activin C in

neuropathic pain.

To further clarify the central and peripheral effects of activin C

in neuropathic pain, we adopted two models, SNL in rats and CCI in

mice. Based on the up-regulation of activin C after nerve injury, we

first selected a high dose of activin C (200 ng) to investigate its

effects on neuropathic pain in a rat SNL model and found that the

intrathecal administration of 200 ng of activin C almost reversed

the mechanical hyperalgesia, to approximately baseline values. Then

we employed a range of doses of activin C to confirm the analgesic

effects of activin C and observed that the intrathecal administration

of 50, 100, or 200 ng of rh-activin C dose-dependently inhibited

neuropathic pain in SNL rats. Considering that tissues around

injured nerves absorb a large amount of activin C injected locally,

we selected a high (250 ng) to ensure that the injured nerves were

able to absorb an adequate amount. The antinociceptive effect of

activin C was observed in CCI mice following mechanical and ther-

mal stimulation by locally pre-administering activin C to ligated sci-

atic nerves. Moreover, a single intrathecal administration of activin

C inhibited the established mechanical pain in CCI mice. These data

indicate that the central or peripheral administration of activin C

relieves chronic neuropathic pain in rats and mice, similar to other

TGF-β superfamily members (Chen et al., 2013; Chen et al., 2016;

Lantero et al., 2012; Lees et al., 2015; Malin et al., 2006; Tramullas

et al., 2010).

Inflammatory cell infiltration into the DRGs and activation of glial

cells in the SCs have been implicated in the genesis of neuropathic

pain (Calvo et al., 2012; Liu et al., 2016; Xu et al., 2013). Consistent

with this concept, local pretreatment with activin C inhibited macro-

phage infiltration into lumbar DRGs and the proliferation of activated

microglia in the SCs, while local treatment with activin C did not affect

satellite cells or astrocytes in the early phase of CCI. Furthermore,

local pre-administration of activin C did not affect nerve oedema or

inflammatory responses in local ligated nerves. These results indicate

that peripheral pretreatment with activin C prevents CCI-evoked

inflammatory responses in the peripheral nervous system and CNS

but not in local neurogenic inflammation. Hence, we postulated that

pretreatment with exogenous activin C inhibits nociceptive signal

transmission from the peripheral nerves to the innervated DRGs and

SCs and further reduced CCI-evoked inflammatory responses in DRGs

and SCs (Sommer, Leinders, & Uceyler, 2018), but not through a direct

anti-inflammatory mechanism. Although activin A plays a role in the

early phase of inflammatory processes (Dong & He, 2014) and is a

critical component of the inflammatory response (Jones et al., 2007),

our data did not support the idea that activin C may antagonize activin

A-induced hyperalgesia (Dong & He, 2014). One possibility is that

activin C, like TGF-β1, acts as an analgesic by suppressing

neuroimmune responses of neurons and glia, decreasing the activity

of spinal excitatory neurons, and inhibiting some pain signalling path-

ways (Chen et al., 2013; Chen et al., 2016; Lantero et al., 2012; Lees

et al., 2015).
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However, local pretreatment with activin C did not have an

obvious effect on the activation or proliferation of astrocytes, and

we postulate that the effects of activin C on astrocyte activation

during the late phase of CCI should be further investigated. Unex-

pectedly, local pre-administration of activin C normalized the

reduced CGRP levels induced by CCI in the ipsilateral DRGs and

SCs, suggesting that the cytokine, activin C, has multiple actions in

the nervous system and may regulate the release of diverse pain-

related neurotransmitters, including CGRP, after peripheral nerve

injury. Similarly, activin A was found to synergistically regulate CGRP

expression with nerve growth factor in vitro (Xu & Hall, 2007), but

activin C and activin A exhibit completely distinct actions in pain

processing. Notably, all Aβ-fibres and a majority of the Aδ-fibres are

axotomized, whereas a large number of C-fibres remain intact in the

CCI model (all fibres are axotomized in the axotomy model and par-

tial Aβ-, Aδ-, and C-fibres are axotomized in the SNL model). Hence,

CCI-evoked pain is possibly mediated by C- and/or A-δ fibres,

including the majority of CGRP+ fibres. Concerning the unexpected

functions of CGRP (Baral et al., 2018; Wallrapp et al., 2019; Xu

et al., 2019), the crosstalk between activin C and CGRP warrants

further investigation.

Considering that TRPV1 channels are non-selective Ca2 + chan-

nels expressed mainly in the cell bodies of sensory neurons and

conveys pain signal under sensitization (Moore, Gupta, Jordt, Chen,

& Liedtke, 2018; Moran & Szallasi, 2018; Patapoutian, Tate, &

Woolf, 2009), we postulate that activin C might directly or indirectly

engage in crosstalk with TRPV1 channels in DRG neurons to modu-

late neuropathic pain (Nersesyan et al., 2017). Our electrophysiolog-

ical analysis showed that although activin C alone demonstrated no

effect on TRPV1 currents in single dissociated DRG neurons, pre-

incubation with activin C significantly increased capsaicin-induced

TRPV1 currents. Considering that capsaicin is a specific TRPV1 ago-

nist that quickly opens TRPV1 channels to induce pain sensation in

the short term (Chung & Campbell, 2016) and that pretreatment

with activin C requires a long period to enhance capsaicin-induced

TRPV1 currents, we hypothesized that enhancing TRPV1 channel

activity by activin C is an indirect pathway, which differs from that

of activin A which acutely sensitized the capsaicin-induced current

(Zhu, Xu, Cuascut, Hall, & Oxford, 2007). However, persistent stimu-

lation by capsaicin elicits TRPV1 desensitization and renders the

channels unable to reopen in the long term, which in turn disrupts

pain signal transmission in DRG neurons and their afferents (Chung

& Campbell, 2016; Nersesyan et al., 2017). The mechanism by

which activin C modulates TRPV1 channels was further confirmed

by nocifensive mouse behaviour; activin C attenuated the capsaicin-

induced acute nociceptive response. This is consistent with the use

of capsaicin as the main component of painkillers in clinical practice

(Ghouri & Conaghan, 2019). However, pretreatment with activin C

did not reduce the mouse paw oedema evoked by the capsaicin

injection, suggesting that the antinocifensive function of activin C is

not achieved by reducing local oedema or inflammation. Interest-

ingly, activin C pretreatment normalized the capsaicin-induced last-

ing hypothermia following heat and cold stimuli in mice. Taking the

normalized CGRP data together, it is possible that activin C has

complex functions in the nervous system, which warrant further

evaluation. As expected, the analgesic effects of activin C were

abolished in TRPV1 KO mice after CCI. These data provide solid

evidence that activin C ameliorates chronic neuropathic pain by

modulating TRPV1 channel function, facilitating our understanding

that exogenous activin C promotes the release of CGRP, as TRPV1

channels mediate secretion of CGRP and substance P in DRG

neurons. Although TRPV1 KO mice exhibited intact mechanical

hyperalgesia in this CCI model, a recent study showed that when

the TRPV1 gene in adult rodents was knocked down by siRNA,

the CCI-induced behavioural hyperalgesia was reduced (Guo

et al., 2019). This discrepancy suggests that genetic compensation

should be commonplace in the TRPs family. However, the several

unknown functions of activin C, including its specific receptor, need

to be further investigated.

In conclusion, the present study demonstrated that endogenous

activin C is predominantly expressed and markedly up-regulated in

small DRG neurons after peripheral nerve injury and that activin C,

given by either peripheral or intrathecal application suppressed

chronic neuropathic pain by modulating TRPV1 channels, suggesting

that activin C may have therapeutic potential for the treatment of

chronic neuropathic pain.
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